Abstract. The present paper is concerned with an experimental research and numerical modelling of the viscoelastic-viscoplastic-damage behaviour of bovine cortical bone. A one-dimensional constitutive model is proposed to predict the experimental behaviour under creep-recovery load conditions. The material parameters are determined by fitting experimental results. The derived algorithm for the integration of the proposed constitutive model is implemented into finite element formulation. The computational algorithm shows an excellent capability to describe the tensile behaviour of bovine cortical bone for the specific mechanical conditions analyzed.
Introduction
In recent years many researchers have investigated the nonlinear time-dependent response of a bone, and numerous attempts have been made to simulate and predict the viscous damage behaviour by a computational model, combining the continuum mechanics theory with the finite element analysis [1] . However, these formulations still have some shortcomings and need to be improved [1, 2] . Constitutive models, which have to represent the bone behaviour realistically, form the core of a finite element formulation.
In previous studies, the authors have proposed a constitutive model together with the appropriate integration algorithm for simulation of the viscoelastic-damage and viscoelasticviscoplastic behaviour of the human cortical bone tissue in creep tests [2] [3] . The present paper is a continuation of these works where the viscoelastic and viscoplastic deformation associated with creep and creep-damage is analyzed comprehensively in the bovine cortical bone tissue. Within the framework of experimental studies tensile specimens of the bovine metatarsals bones are loaded till failure in an incremental and cyclic creep-recovery scheme. Herein, the permanent strain energy, the elastic release strain energy and the hysteresis energy obtained in each loading cycle at incremental loads are determined and investigated [4] . Based on the experimental results, a new onedimensional constitutive model is proposed for simulation of the viscoelastic-damage-viscoplastic behaviour occurring during creep-recovery tests. Ideas and approaches from [1, [5] [6] [7] are used to obtain the constitutive model. A computational algorithm for the integration of the proposed constitutive model at the material point level is derived and implemented into FE software ABAQUS [8] . The model prediction and numerical results show good agreement with the average experimental curves. Fig. 1 shows two cycle duration of the stress input and strain response of the cortical bone in incremental creep and recovery experiments. In authors' previous paper [9] , a one-dimensional constitutive model for cortical bone tissue is proposed, to simulate the viscoelastic-viscoplasticdamage behaviour occurring during creep-recovery tests. The constitutive model is based on the ideas and approaches from Abdel-Tawab, Weitsman, Dasappa and Marklund [5] [6] [7] , developed for engineering materials. Therein, based on the assumption of small strains, the total creep strain ε(t) is additively decomposed into the viscoelastic part coupled with damage D VE ε , and the viscoplastic part ε VP . Furthermore, it is assumed that the time-dependent stress and damage influence the viscoelastic strain through the time-dependent effective stress. Besides, it is shown that the bovine cortical bone has the mechanical behaviour similar to the human cortical bone. It behaves as a linear viscoelastic material for stress levels below some threshold stress value, while beyond this value, it behaves as a viscoelastic damaging material [1] . Detailed overview of the constitutive models for the cortical bone is given in authors' previous papers [2, 3, 9] .
Constitutive model
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Fig. 1 Representation of the two cycle duration of stress input and strain response under incremental and cyclic creep -recovery loading conditions

Experiments, material parameters and energy analysis
The experimental samples for the study have been taken from the middle portion of the metatarsals bone of a 7.5-year-old bovine. The shape and dimensions of the specimens are shown in Fig. 2 . By using an industrial water jet cutting device, the samples have been cut in the form of plates with a rectangular cross section (thickness δ = 3 mm) along the longitudinal axis of the bone. Thereafter, tensile cyclic creep and recovery tests are carried out at the room temperature on a Messphysik Beta 50-5 testing machine for eleven different stress levels between 20 and 120 MPa. Each test consisted of 60 s of a tensile creep at constant stress level, followed by 300 s of recovery per cycle. The results presented in Fig. 4a represent average values from six tests applied at each stress level. From available test results, the material parameters for the proposed constitutive model in [9] are determined and listed in Table 1 . The procedure proposed by Dasappa et al. [6] for the determination of material parameters is used in this study.
Fig. 2 Specimens shape and dimensions
In this research, the influence of loading history on the hysteresis curves behaviour of the specimens under various types of loadings is studied. As presented in Fig. 1 , the cortical bone specimen has been subjected to a multiple loading-dwell-unloading-dwell-reloading cycles. Fig. 3a shows a typical stress-strain diagram for such cyclic creep-recovery loading scheme, while the schematic representation of this diagram is presented in Fig. 3b . In Fig. 3b only the last cycle before failure is shown to provide greater clarity in mechanical properties calculation. Herein, the elastic modulus (E), the maximum strain (ε max ), the viscoelastic strain coupled with damage ( D VE ε ), the viscoplastic strain (ε VP ), the elastic release strain energy (U er ), the hysteresis energy (U h ) and the plastic strain energy (U p ) are determined in each loading cycle at incremental loads. As may be seen, the elastic release strain energy is the area under the unloading curve (the total elastic strain energy) minus the triangular area (the elastic strain energy without stiffness loss). The hysteresis energy is the area between the loading and unloading curves, while the plastic strain energy is the cumulative area minus unloading curve and hysteresis energy [5] . As can be observed from 
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Numerical formulation and results
Within the framework of numerical investigations a computational algorithm for the integration of the proposed constitutive model is derived. The derived integration algorithm and the corresponding tangent stiffness are implemented at the material point level of the one dimensional finite elements Key Engineering Materials Vols. 577-578in the software ABAQUS/Standard [8] using the user-defined material subroutine UMAT. More details concerning the applied computational strategy can be found in References [2, 3, 9] . In order to validate the numerical algorithm, the creep and recovery simulation results are compared to the experimental data. Fig. 4b shows a comparison of the numerical predictions and the test data for creep strain over one load cycle at stress level of 110 MPa. 
Conclusion
A one-dimensional constitutive model and a computational algorithm for bovine cortical bone are proposed for simulation of the viscoelastic-viscoplastic-damage behavior occurring during creeprecovery tests. The accuracy of the proposed computational procedure is verified by comparing the model predictions with the own experimental data. Thereby, the creep-recovery deformation processes in cortical bone at different loading levels are considered. The model predictions are found to be in good agreement with the real experimental data.
